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Oxidation state and lattice expansion of CeO2Àx nanoparticles as a function of particle size

Lijun Wu, H. J. Wiesmann, A. R. Moodenbaugh, R. F. Klie, Yimei Zhu, D. O. Welch, and M. Suenaga
Materials Science Department, Brookhaven National Laboratory, Upton, New York 11973, USA

~Received 7 November 2003; published 24 March 2004!

Cerium oxide nanoparticles CeO22x ~;3–20 nm in diameter! made by a vapor phase condensation method,
have been studied by several methods of transmission electron microscopy~TEM!: electron energy loss
spectroscopy~EELS!, high resolution imaging, and electron diffraction. The white-line ratiosM5 /M4 of the
EELS spectra were used to determine the relative amounts of cerium ions Ce31 and Ce41 as a function of
particle size. The fraction of Ce31 ions in the particles rapidly increased with decreasing particle size below
;15 nm in diameter. The particles were completely reduced to CeO1.5 at the diameter of,;3 nm. This
reduced cerium oxide has a fluorite structure which is the same as that of bulk CeO2 . Also, EELS spectra taken
from the edge and center of the particle indicated that for larger particles the valence reduction of cerium ions
occurs mainly at the surface, forming a CeO1.5 layer and leaving the core as essentially CeO2 . A microme-
chanical model based on linear elasticity was used to explain the lattice expansion of the CeO22x nanopar-
ticles. Comparing our results with previously published works indicates that the amount of CeO1.5 in CeO22x

nanoparticles is a strong function of the particular synthesis methods used to make these particles.

DOI: 10.1103/PhysRevB.69.125415 PACS number~s!: 73.22.2f, 68.37.Lp, 79.20.Uv, 61.46.1w
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I. INTRODUCTION

Ceria has been widely studied since it is easily reduce
oxidized and this property is very important for its applic
tions, such as catalysts in vehicle emissions-control syste1

and electrolyte materials in solid oxide fuel cells.2 For appli-
cations as a catalyst, fine particles of ceria are fabricate
increase surface area in order to enhance the catalytic
ciency. In order to understand the properties of fine ce
particles, a large number of studies have been carried
on catalytic,3,4 electronic,5 lattice vibrational,6,7 and
structural8–12 properties as well as on various synthe
methods12–14 for ultrafine ceria particles. However, in spi
of the practical importance of and the scientific interests
these nanosized particles, no systematic study of prope
as a function of size had been made until a series of arti
by Tsunekawaet al. were published.5,8,10,13Using so-called
monodisperse nanoparticles of ceria, which were made b
hydrothermal process,13 with different dimensions, they ob
served that the lattice parameters, as determined by elec
diffraction, of the nanoparticles increased with decreas
particle size.8 Based on the analysis of the particle size d
pendence of the lattice parameter, they suggested that
expansion was due to the loss of oxygen from the surf
region of CeO2 particles. Also, they claimed that the partic
of CeO22x would be fully reduced to CeO1.5 when the size of
the particles became 1.5 nm and its structure would be
C-type cubic sesquioxide Ce2O3. This structure of Ce2O3
has not been observed in bulk ceria although it is a comm
structure in some other lanthanide oxides. The structure
bulk Ce2O3 is an A-type hexagonal sesquioxide.15 Further-
more, using an x-ray photoelectron spectroscopy techn
~XPS! they confirmed the existence of Ce31 ions in the small
particles and the increased ratio of Ce31/Ce41 with decreas-
ing size.5 In addition, they claimed in this article that thes
Ce31 ions are in fact primarily in the surface region of th
particles in agreement with their earlier suggestion. M
recently, in their theoretical study, they attributed the o
0163-1829/2004/69~12!/125415~9!/$22.50 69 1254
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served lattice expansion to the decrease of the electros
force caused by the valence reduction of Ce ions in
ceria.10

Recently, the lattice expansion as a function of parti
size has also been measured by x-ray diffraction meas
ments for monodispersed particles which were prepared
room-temperature precipitation method.12 Interestingly, as
discussed in detail below, Zhanget al.12 found much smaller
expansions of the lattice than those found in the study
Tsunekawaet al.5 For example, Zhanget al. reported a lat-
tice expansion of;0.3% for ;7 nm ceria particles while
Tsunekawaet al.5 reported;0.8% for similar-sized particles
Thus, further investigation of the electronic and structu
properties of nanocrystalline CeO22x as a function of the
particle size is of interest.

In this article, we report the results of an investigation
the valence of Ce ions in CeO22x nanoparticles as a functio
of their size using electron microscopy techniques: elect
energy loss spectroscopy~EELS!, high resolution imaging,
and electron diffraction. The particles were prepared by
por phase condensation of CeO2 in an inert gas atmosphere
The advantage of using EELS in a high resolution transm
sion electron microscope is that a single nanoparticle can
examined, and the size and crystal structure of that in
vidual particle may be determined simultaneously. Oth
techniques with larger probe sizes, such as XPS, requi
large assembly of particles with unavoidable variations
size, even when the new synthesis techniques have narro
the size distribution12,13 of the so-called monodisperse nan
particles. In addition, with the improved spatial resolution
EELS, it is possible to examine directly the local variation
such as bulk vs surface regions, in the Ce31/Ce41 ratios
within a given particle.

II. EXPERIMENTAL PROCEDURE

The cerium oxide nanoparticles were synthesized us
the technique of thermal evaporation of CeO2 in a helium
©2004 The American Physical Society15-1
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atmosphere. A vacuum chamber was initially pumped t
base pressure of about 1025 Torr using a turbomolecula
pump. Helium was next admitted into the chamber until
desired pressure,;1–100 Torr, was attained. The pressu
was measured with a diaphragm capacitance manom
gauge. Bulk cerium oxide pieces were next thermally eva
rated from a tungsten crucible. The time-temperature pro
of the crucible was controlled using a programmable pow
supply. The crucible temperature during evaporation w
about 2000 °C as measured with an optical pyrometer. C
per TEM specimen grids, which were coated with lacy c
bon, were placed in the vacuum chamber at strategic lo
tions near the tungsten crucible. The ceria nanoparticles w
collected on the lacy carbon coated side of the grids du
the course of evaporation. After the evaporation was co
pleted the grids were removed from the vacuum chamber
TEM analysis. It was found that the particle size increa
with increasing helium pressure. A series of ceria nanop
ticles with particle size from;3 to ;20 nm in diameter were
obtained.

The TEM experiments were carried out in a 300 K
JEOL-3000FEG transmission electron microscope equip
with a Gatan imaging filter~GIF!, an annular dark-field de
tector, and an image-plate recording system. The microsc
can be operated in either TEM or scanning transmission e
tron microscope~STEM! mode. In general, the TEM mod
was used to obtain high resolution images and diffract
patterns for lattice parameter measurements, while ST
mode was employed to obtain EELS spectra for individ
particles. The probe size in STEM was approximately 0
nm, the convergent angle was 11 mrad, and the collec
angle was 24 mrad. Because electron beam irradiation
extended periods risks damage,16 with a resulting change o
the valence of Ce ions from Ce41 to Ce31 due to the loss of
oxygen, we used a short EELS acquisition time of 2
Changes in the spectra due to the exposure started to be
noticeable when the acquisition time was extended to 30
more. In order to limit exposure of an individual particl
only one spectrum per particle was taken except when
EELS data were taken across the diameter of the particle
investigate local variations in the valence of the ions.

Electron energy loss spectra and x-ray absorption spe
~XAS! or XPS in theM-edge region of rare-earth elemen
carry information on the initial state 4f occupancy. The spec
tra are characterized by sharp white lines of 3d3/2
→4 f 5/2 (M4) and 3d5/2→4 f 7/2 (M5) associated with the
spin-orbit splitting. The relative intensities of the white lin
were associated with the 4f -shell occupancy of the rare-ear
elements.17–19 For cerium compounds, the white lines rat
in both EELS and XAS have been used to determine
valence of cerium ions.20–22

Figures 1~a! and 1~b! show theM4 andM5 edges of the
EELS spectra of micron-size CeO2 and Ce2(WO4)3 par-
ticles, respectively. The valences of Ce ions in micron-s
CeO2 and Ce2(WO4)3 are nominally 41 and 31, respec-
tively. The intensity of theM4 edge is higher than that ofM5
edge in Ce41, and reversed in Ce31. A number of methods
have been developed to measure theM5 /M4 ratio.18,23,24In
this work, we chose the second derivative method to de
12541
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mine the white line ratio for our spectra, since it is insen
tive to thickness variations.25 The M5 /M4 ratio is then de-
termined by measuring the intensity of theM5 andM4 peaks
in the second derivative of the spectra. Because of nois
the spectra, the raw data of the spectra must be smoothe
eliminate the channel-to-channel fluctuations. Here, we
culate the second derivative spectra from the acquired s
tra based on the Savitzky-Golay method,26 in which, for each
point f i , we least-squares fit a polynomial (mth order! to all
nL1nR11 points in the moving window (nL , nR are the
number of points to the left and right, respectively!, and then
set the second derivativegi to be the value of the secon
derivative of that polynomial at positioni. The advantage of
using the Savitzky-Golay method over the moving windo
averaging method~e.g., used in theEL/P program! is that it
provides smoothing without loss of resolution. Figures 1~c!
and 1~d! show the second derivative spectra of the spectr
~a! and ~b!, respectively, withnL5nR532 andm55 ~here-
after, we will use the samenL , nR andm for the all second
derivative spectra!. The M5 /M4 ratio was then determined
by measuring the maximum amplitude at theM5 and M4
peak in the second derivative. TheM5 /M4 ratios were 0.91
for Ce41 and 1.31 for Ce31 from these ‘‘standard’’ large
particles. These ratios were determined from averagin
number of measurements~;10! from each of the standard
samples and the standard deviations in the ratios were
for both samples. Also, these values of the ratios were c
to values reported by Fortneret al.20 Hence we used this
procedure for determining the fraction of Ce31 and Ce41

ions in the particles.

III. EXPERIMENTAL RESULTS

Figures 2~a!–2~c! show examples of the high resolutio
images of CeO22x nanoparticles with different particle size

FIG. 1. EELS spectra of micron-size ‘‘standard’’~a! CeO2 and
~b! Ce2(WO4)3 particles.~c! Second derivative of~a! and ~d! sec-
ond derivative of~b!.
5-2
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FIG. 2. ~a!–~c! Examples of high resolution
images of particles with different average siz
The inset in~b! is the fast Fourier transform from
the marked area.~d! Electron diffraction pattern
from ~a!.
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which were prepared in different helium atmospheres. A
shown in Fig. 2~d! is a selected-area electron diffraction pa
tern from the particles shown in Fig. 2~a!. The particles were
an agglomeration of single grains. The exact outlines of
particles varied, but were mostly circular or ellipsoidal,
though there was some tendency toward forming squ
with rounded corners for larger particles. Only on very ra
occasions, did we observe particles with octahedral sh
and surrounded by~111! planes, as reported by Zhanget al.12

Although the~111! planes were clearly imaged in many
the particles shown in Fig. 2, these planes were not the
minating planes for the surfaces of these particles. As
cussed below, this difference between the surface plane
the particles observed here and by Zhanget al.12 is likely to
be due to the difference in the preparation methods of
particles. These differences may result in different proper
for these CeO22x nanoparticles.

The lattice parameter can be measured from the rings
selected-area electron diffraction pattern from many p
ticles. The lattice parameter measured by the rings is th
fore the averaged value of many particles which in gene
have a range of particle sizes. To measure an individual
ticle, we use high resolution images. From a carefully c
brated high resolution image, we select the individual p
ticle with its zone axis parallel to the beam direction and u
a Fourier transform to get the diffractogram from that ar
as shown in the inset of Fig. 2~b!. The average lattice param
eter of that individual particle is then measured from t
spots in that diffractogram. Figure 3 shows the lattice para
eters as a function of particle size measured with high re
lution images. The data from Tsunekawaet al.8,13 and Zhang
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et al.12 are also shown in Fig. 3 for comparison. It is cle
that the lattice parameter of CeO22x nanoparticles increase
with decreasing particle size. The present particles sho
larger lattice expansion than that reported by Tsuneka
et al.8,13 and Zhanget al.12 This is probably due to the non

FIG. 3. Lattice parameter of CeO22x particles as a function of
the particle size. The empty circles were measured from the h
resolution images. The lattice parameters reported by Tsuenek
et al. ~Ref. 8! and Zhanget al. ~Ref. 12! are also shown for com-
parison. Lattice parameters were calculated based on the micro
chanical model described in the Appendix, and the solid and das
lines are the calculations using the fittedDd curve in Fig. 8 and
Dd50.561 nm, respectively.
5-3
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LIJUN WU et al. PHYSICAL REVIEW B 69, 125415 ~2004!
equilibrium particle formation process used in this study,
will be discussed in detail later.

EELS spectra from three particles with different sizesd
>11, 6, and 3.5 nm, are shown in Figs. 4~a!–4~c! qualita-
tively illustrating a systematic change in the EELS spec
with the particle size. Detailed analysis of the spectra in
cates that the spectrum@Fig. 4~a!# from a particle withd
511 nm is close to that of Ce41, while that@Fig. 4~c!# for a
3.5 nm particle is close to that of Ce31. With the 0.13 nm
probe size in our TEM, we explored the possible local var
tions in the Ce31/Ce41 ratio in a given particle by selec
tively acquiring EELS spectrum from an edge~hence, the
surface! and the central region for a given particle. This pr
vides us an estimate of the volume fractions of cerium io

FIG. 4. EELS spectra from CeO22x nanoparticles with~a! d
511 nm, ~b! d56 nm, and~c! d53.5 nm. The relative intensitie
of M5 andM4 in the spectra depend on the particle size.

FIG. 5. ~a! Experimental setup to measure the difference in
M5 /M4 ratios between the surface and interior of a particle. T
signal will mostly come from the surface when the beam is focu
at the edge, while it will mainly come from the interior when th
beam is focused at the center. EELS spectra obtained from
center~b! and edge~c! of a particle withd515 nm.
12541
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with 31 and 41 in the surface region and the interior of
particle. If, as shown in Fig. 5~a! ~a sphere is shown fo
illustration purposes!, the beam is focused at the center of
particle, the acquired EELS spectrum is primarily charac
istic of the interior of the particle. However, if the beam
focused near the edge of the same particle@also Fig. 5~a!#,
the spectrum represents the surface region. Figure~b!
shows an example of the spectrum variation as the elec
beam was moved from the edge~less than 0.5 nm from the
edge!, to the center of a particle of;15 nm in size. The
spectrum from the center is close to that of Ce41, while that
from the edge is close to Ce31 as indicated by theM5 /M4
ratios being 0.94 and 1.24 for the center and the edge,
spectively. These correspond to the Ce31 fraction of 7.5 and
83 %, respectively. A number of similar measurements w
made from relatively large particles as well as around
perimeter of the particles, and essentially the same resul
above were observed. This suggests that the valence re
tion of cerium ions in a relatively large CeO22x nanopar-

e
e
d

he

FIG. 6. M5 /M4 ratios across the diameters of six CeO22x par-
ticles with diameters of approximately 13 nm. The distance betw
each point approximately 2 nm. Each point represents an ave
over the six particles, and the error bars show the statistical de
tions for the six particles.

FIG. 7. Dependence of theM5 /M4 ratios on the particle size o
CeO22x nanoparticles. A fitted curve based on an exponential fu
tion is represented by the solid line.
5-4



m

-
av
dg
ly

g.
th
th
ro
lo
on
o
le
e
th

ic
in
is
rio

t
s-
r o
tio

plo
is

,

-
e

n
an
m
ll
th

e

ap
in
m
tio
he
tin
e
he
th
ac

n the
s-
tion

hen
ate
r-
f

e/

a-
ace
es
the
a-
ea-

rom
ss
ide
m-

ce

ume

the

e

ted

OXIDATION STATE AND LATTICE EXPANSION OF . . . PHYSICAL REVIEW B 69, 125415 ~2004!
ticles is primarily in the surface regions and not unifor
throughout a particle.

In order to determine the extent of the reduced CeO22x
surface layer, we have measured theM5 /M4 ratios across
the diameter of six CeO22x particles with approximate diam
eters of 13 nm. In order to avoid radiation damage, we h
measured the ratios at four points from the center to the e
and thus the distance between each point is approximate
nm and the results of the measurements are shown in Fi
Considering the uncertainty in the precise position of
probe on each particle due to the specimen drift during
measurements, as well as the variations in the ratios f
one particle to another of the same size, as shown be
~Fig. 7!, this result clearly confirms the above suppositi
about the reduction of Ce ions taking place primarily at
near the surface region, not uniformly across the partic
Also, the rapid drop in theM5 /M4 ratio between the edg
and the next interior point shows that the thickness of
reduced regions in relatively large particles is less than;2
nm, but this could be a substantial overestimate of the th
ness since it is limited by the large separation between po
due to the experimental constraints mentioned above. Th
also consistent with a theoretical prediction that the inte
oxygen vacancies are unstable and tend to migrate to
surface in CeO22x .27 However, we cannot rule out the pre
ence of small amounts of oxygen vacancies in the interio
the particles which were produced by the vapor condensa
method, a nonequilibrium process.

In Fig. 7, quantitative measurements ofM5 /M4 ratio
from the second derivative spectra are summarized and
ted against particle size. The solid line in the figure
the fitted curve using an exponential functionM5 /M4
5A exp(2Bd)10.91, whered is the diameter of the particle
A and B are constants,A50.71 andB50.2. Based on the
nearly linear relationship between theM5 /M4 ratio and the
occupancy of the 4f level for the light lanthanides, the for
mal valence of cerium ions may be estimated using a lin
interpolation between theM5 /M4 value for Ce41 ~0.91! and
Ce31 ~1.31!.18 When the particle size is less than;3 nm, the
M5 /M4 ratio is close to 1.31, so the valence of cerium io
is 31 throughout the particle. For the particle larger th
;15 nm, theM5 /M4 ratio is close to 0.91, thus the ceriu
ions’ valence is 41 in large particles. These data were a
obtained by focusing the electron beam at the center of
particle and thus, eachM5 /M4 value is the average valu
over the particle.

The scatter in the data is in part due to the irregular sh
of the particles. But it likely also reflects a real variation
Ce31/Ce41 among particles made by this nonequilibriu
process. During the evaporation and the particle forma
process, some particles may lose more oxygen than ot
even among the particles similar in size since the termina
surface planes are different. It is well known that the eas
the reduction of CeO2 at the surface depends strongly on t
types of the terminating planes since the stability of
CeO2 surfaces depends on the structure of the surf
planes.27 However, in spite of variations in theM5 /M4 ratio,
the trend of the rapid increase in theM5 /M4 ratio as particle
size decrease is apparent.
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IV. DISCUSSION

There are several aspects of the above observations o
nanocrystalline CeO22x particles which require some discu
sion. We first estimate the thickness and the volume frac
of CeO1.5 layer from the experimentally determinedM5 /M4
ratios and compare them with those of previous studies. T
using a micromechanical model, we theoretically calcul
the expected lattice parameters~averaged over the entire pa
ticle! of CeO22x particles with a nonuniform distribution o
oxygen vacancies~as suggested by Fig. 6! which we ap-
proximate by a shell of CeO1.5 covering the CeO2 core as a
function of particle size. While it is clear that such a cor
shell spatial distribution of vacancies Ce31 and Ce41 ions is
a crude approximation to the actual distribution, it is a re
sonable first approximation to the segregation to the surf
shown in Fig. 6. Such an approximation greatly simplifi
the elasticity analysis, described in the Appendix, and
experimental information is too limited to constrain the p
rameters of a more elaborate model. The calculated and m
sured values of the lattice parameters, as well as those f
previous works will then be compared. Finally, we discu
the possibility of the existence of the C-type sesquiox
structure for the smallest particles, which had been co
pletely reduced to CeO1.5.

Assuming that each particle consists of a thin surfa
layer of CeO1.5 and a core of CeO2, one can calculate the
thicknessDd and the volume fractionf v of CeO1.5 layer for
each particle from theM5 /M4 ratio data. We first calculate
Dd from a relationshipDd50.5d@12(12 f b)1/3#. Here,d is
the diameter of a sphere or the side of a cube, and we ass
that the convergent incident beam~convergent angle;11
mrad! was focused at the center of particle and that all of
Ce31 ions existed in the form of CeO1.5 at the surfaces;f b is
the fraction of Ce31 in the volume which the electron beam
passed throughf b5(M5 /M420.91)/(1.31– 0.91). Then, we
can calculate the volume fraction byf v5CeO1.5/(CeO1.5

FIG. 8. The CeO1.5 layer thickness as a function of particle siz
calculated from theM5 /M4 ratio in Fig. 7 assuming all of Ce31 are
in the surface layer of each particle. The solid line was calcula
from the fitted curve of Fig. 7.
5-5
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1CeO2)5@d32(d22Dd)3#/d35 f b for a sphere. The sam
functional dependence off v on d is also obtained for a cube
Using these expressions, the thickness of the CeO1.5 surface
layerDd and the volume fractionf v of Ce31 were calculated
from theM5 /M4 ratios shown in Fig. 7, and they are plotte
as a function of the particle size in Figs. 8 and 9, resp
tively. The calculatedDd and f v based on the fitted line in
Fig. 7 are also shown as the solid lines in Figs. 8 and 9.
shown in Fig. 8, the thickness of the assumed CeO1.5 layer is
not constant with the particle size, but rapidly increases w
decreasing size of the particles. This suggests that the
creased volume fraction of CeO1.5 is not due to the decrease
size of the particles with a constant CeO1.5 layer, but due to
the increasingly larger losses of oxygen in smaller partic
As shown in Fig. 9, the volume fraction of CeO1.5 also in-
creases very rapidly for decreasing particle size, and the
ticles are practically fully reduced to CeO1.5 for the particles
below ;3 nm. For comparison purposes, the calculated v
ume fractions for the particles with a constant CeO1.5 layer
thickness of 0.561 nm are included as a dashed line in Fig
Again it clearly illustrates that the increased volume fract
is not due to the shrinkage of the particles having a cons
thickness of CeO1.5 on surface for these particles which we
processed by a vapor phase condensation. This result is
very surprising in comparison with the volume fractio
which were reported by Tsunekawaet al.5 and Zhanget al.12

The former observed that the volume fractions of CeO1.5 in
CeO22x particles were 0.84, 0.58, and 0.44 for the parti
size of 2.2, 3.0, and 3.8 nm, respectively~their data are in-
cluded in Fig. 9, also!, while the latter reported that the frac
tion of Ce31 was 0.094 for the particles with an avera
diameter of 6.1 nm assuming that the oxygen vacancies w
distributed uniformly throughout their particles.7 These large
differences in the amount of Ce31 ions in small CeO22x

FIG. 9. The calculated CeO1.5/(CeO21CeO1.5) volume fraction
as a function of particle size of CeO22x nanoparticles assuming a
of the Ce31 is in the thin surface layer of each particle. The so
line was calculated from the fitted curve of Fig. 7. The dashed
was calculated assuming the thickness of CeO1.5 layer was a con-
stant, equal to 0.561 nm. The data from Tsunakawaet al. ~Ref. 8!
are also shown for comparison.
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particles appear to be due to the large differences in proc
ing conditions. Particularly, those particles made by Zha
et al.12 were octahedral in shape with~111! planes as the
terminating surfaces. It is well known that the~111! surface
is the most stable plane against the formation of surface o
gen vacancies.27,28 Hence, it is more difficult to form a
CeO1.5 layer on this type of the particles than those havi
different terminating planes. Also, it is interesting to no
that even though the processes used by Zhanget al.12 and
Tsunekawaet al.13 to make these powders were differen
both were low temperature chemical precipitation metho
However, the rate of the lattice expansion with decreas
particle size was very different. Thus, it appears that
degree of the reduction of CeO2 accompanying the decreas
in size of the particles depends strongly on the exact met
which was used to synthesize these particles. Unfortuna
Tsunekawaet al.8 reported neither the shape nor the surfa
planes for their particles. Thus we are unable to determ
whether the shape and the surface crystallographic plane
the particles were actually the sources of these difference
is also interesting to note that Tschopeet al.3 reported that
nonstoichiometric CeO2 powder, which was made by th
evaporation of Ce metal and subsequent oxidation, exhib
greater catalytic activity than similarly sized powder whi
was made by a chemical precipitation. This difference in
catalytic properties of these powders may possibly be du
the similar differences discussed above in shape and te
nating planes of the particles which were made by two d
ferent methods.

We used a micromechanical model, as described in
Appendix, to calculate the expected lattice parameter a
function of particle diameter for CeO22x particles which are
assumed to consist of a layer of CeO1.5 on a core of CeO2.
We compared the results with our measurements as we
those reported in earlier studies.5,12 The calculation of the
average parameter of a particle was performed by calcula
the elastic strain state resulting from coherently matching
interface of the CeO1.5 shell and the CeO2 core. The lattice
parameters for fluorite structure CeO2 and average fluorite
structure CeO1.5 were taken to be 0.541 and 0.561 nm, r
spectively. The lattice parameter for CeO1.5 was approxi-
mated to be one half of that of the C-type sesquioxide Ce2O3
proposed by Tsunekawaet al.8 The details of the calculation
are given in the Appendix. The results of calculations a
shown in Fig. 3 and compared with our experimental d
from high resolution images and those reported
Tsunekawaet al.8 and Zhanget al.12 The calculation~solid
line! based on the fittedDd curve in Fig. 8 is in a good
agreement with our measurements~empty circle!, while that
~dashed line! based on a CeO1.5 layer with constant thicknes
(Dd50.561 nm) is relatively close to the data reported
Tsunekawaet al.8 On the other hand, the increases in t
lattice parameters with decreasing particle size for those
ported by Zhanget al. were significantly smaller than our
and that of Tsunekawaet al.This implies that the surfaces o
their particles were barely reduced to CeO1.5 and the small
increase in their lattice parameters with decreasing part
size could be due primarily to vacancies in bulk of the p
ticles as they suggested from their measurements of

e
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broadening of Raman lines with decreasing size.7

As mentioned above, Tsunekawaet al.also suggested tha
their particles would be fully reduced to CeO1.5 at the par-
ticle size of;1.5 nm and that its crystal structure would b
that of a C-type sesquioxide Ce2O3.8 Since Ce2O3 with this
structure has not been produced in bulk, it is of interes
search for this phase in our particles. This sesquioxide
cubic and composed of eight unit cells of CeO2 with ordered
oxygen vacancies, and its lattice parameter is twice tha
CeO2. If this structure exists, there will be extra diffractio
rings in Fig. 2~d! and we should be able to see these sup
lattice lines if their intensities are sufficient. In order to che
this possibility, we first calculated the electronic structu
factors for this structure and found that the~121! planes
would have a significant intensity, though it would still b
weak compared with that for~222! planes which are equiva
lent to ~111! planes of the CeO2 structure. The ratio of the
calculated intensities for the lines corresponding to th
planes was 0.0067. Since our particles of 3–4 nm are es
tially CeO1.5 as discussed above and the intensity of the
fraction rings, which are recorded on an image plate, ha
very large dynamic range, we would expect to be able to
the 121 line. However, we could not detect this line ev
when the diffraction ring patterns were overexposed. Th
we concluded that the structure of these small fully redu
CeO1.5 particles is essentially that of CeO2 fluorite structure,
with two disordered oxygen vacancies per cubic unit cell.
addition, one can estimate the lattice parameter of fully
duced CeO22x (x50.5) from Fig. 2 of Ref. 6 by taking the
ionic radius of Ce31 to be 0.1143 nm.~Figure 2 of Ref. 6
exhibits the rate of lattice expansion of CeO22x caused by
the substitution of Ce41 by rare earth ions with differen
ionic radii.! Then one obtains a lattice parameter of;0.556
nm for CeO1.5, and this is very close to that measured f
very small particles~,;3 nm! of CeO22x in Fig. 3. This
fact also supports the above observation of no superla
line in the electron diffraction patterns even for the fu
reduced CeO22x particles.

At this point, we speculate on the formation process.
assume that CeO2 molecules are primarily evaporated an
these collide with themselves as well as with He atoms in
atmosphere to form CeO22x particles. Since we found tha
higher He pressures made larger particles, the larger num
of collisions produces larger particles. When the particles
still small ~a few nm in diameter! the surface-to-volume frac
tions are large, and in this highly nonequilibrium process
surfaces of these particles will not likely be the most sta
crystallographic planes, such as~111!. Thus, the oxygen from
CeO2 is easily lost into an inert gas environment. When t
particles grow in size, the oxygen vacancies in bulk or c
of the particles are known to be unstable and tend to mig
to the surface.27 Also, during the growth of large particles
there are likely to be more opportunities to develop sta
surface planes, thus limiting the reduction of CeO2 to only a
very thin layer on the surface. In the middle of the range
the particle size which we studied, there were very la
variations in bothM5 /M4 ratios and lattice parameter an
thus, CeO1.5 fractions. There are likely two reasons for th
One is the fact that, in this size range, some of the parti
12541
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may start to form more crystallographically stable CeO2 sur-
faces in some portions of the surface, while others may
be surrounded by the surfaces which are easily reduced.
will result in large particle-to-particle differences in the me
sured Ce31/Ce41. The other is related to the fact that th
electron beams only penetrate through selected surface~the
top and the bottom! as mentioned earlier. If one or both o
these consists of the stable surfaces, the measuredM5 /M4
ratios reflect less Ce31 ions, while if these surfaces happe
to be less stable, the results show more Ce31 ions in a given
particle.

V. SUMMARY

In summary, theM4,5-edge EELS spectra and lattice p
rameter have been used to evaluate the valence of ce
ions in cerium oxide nanoparticles. The measurement of
ratio of M5 /M4 peak areas clearly shows the valence red
tion of cerium ions with decreasing particle size, which
mainly due to the change of cerium ions from Ce41 to Ce31

at the surface. The measuredM5 /M4 ratios as a function of
the nanoparticle size of CeO22x , which were made by a
vapor phase condensation method, were used to deter
the fraction of CeO1.5 in these particles. Here we assum
that Ce31 ions and Ce41 ions existed separately as CeO1.5 on
the surface and CeO2 as a core in large particles, based
the EELS measurements at the edge and the center o
particles. It was found that the amount of CeO1.5 rapidly
increased below a particle size of;15 nm, and the particles
were fully reduced~.90%! to CeO1.5 at a size of;3 nm or
smaller. These increases in the fraction of CeO1.5 took place
at a much greater size than those reported previously. S
the stability of the surfaces of CeO2 particles against the
reduction depends strongly on the types of the surf
planes, this difference is thought to be due to the differen
in the synthesis methods of the particles which results
differences in the shape and the types of the crystallogra
planes terminating surfaces.
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APPENDIX: ELASTIC STRAIN STATE IN CORE-SHELL
STRUCTURED CeO2Àx NANOPARTICLES

In earlier investigations Tsunakawaet al.8 and Zhang
et al.12 measured the average lattice parametera0 of CeO22x
nanoparticles as a function of particle size. Tsunakawaet al.
estimated the oxygen content of their particles using a V
ard’s rule linear relation between lattice parameters and
viation from ideal stoichiometry. This analysis implies a un
form distribution of regions of CeO1.5 dissolved in CeO2.
However, our results indicate nonuniform distributions
5-7
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Ce31 and Ce41 ~with accompanying oxygen vacancie!
which can be approximated as a core-shell structure wi
thin CeO1.5 shell and a CeO2 core. While this discrete sepa
ration into two regions~core and shell! is clearly an approxi-
mation to the actual spatial distribution, which probably is
continuous variation of stoichiometry, the rapid change
stoichiometry near the particle edge shown in Fig. 6 sugg
that a core-shell structure is a reasonable first approxima
to the actual distributions, and it greatly simplifies the ana
sis. In this Appendix we use a micromechanical model ba
on linear elasticity to estimate the effect of such a struct
on the average lattice constant as a function of the size o
nanoparticles, which for simplicity we assume to be sph
cal.

We take a uniform spherical particle of CeO2 of radiusR
with lattice parametera0 as our reference state and use h
pothetical cutting-transformation-rejoining operations, af
the manner of Eshelby,29 to estimate the elastic strains resu
ing from surface layer deoxygenation.~We ignore changes o
s
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lattice parameter due to the surface stresses of the free
face, which can be shown to be negligible compared to va
tions caused by the oxygen nonstoichiometry.! We imagine
removing a hollow spherical shell of thicknessh from the
surface of the particle and changing its composition
CeO1.5 by removing oxygen atoms uniformly from the she
with an accompanying expansion of the lattice
(Da0 /a0)max. We then apply surface tractions to the sphe
cal core of CeO2 and hollow spherical shell of CeO1.5 so that
their respective outer and inner surfaces match, rejoin th
at the interface, remove the surface tractions and allow e
tic deformation to occur until the internal stresses are b
anced. This is readily done using the elastic solutions
spheres and spherical shells with radial displacement field30

The result is that the core of CeO2 of radiusRc5R2h is in
a state of uniform expansion and the shell of thicknessh is
compressed relative to its stress-free state. The volume
strain of each of the two regions, referred to the lattice
rametera0 of CeO2 is
S Da0

a0
D

core

5S Da0

a0
D

max
H ~R32Rc

3!

~R32Rc
3!1~Kcore/Kshell!@Rc

31R3~3Kshell/4mshell!#
J ~A1!

and

S Da0

a0
D

shell

5S Da0

a0
D

max
H 12

Rc
3

~Kshell/Kcore!~R32Rc
3!1Rc

31R3~3Kshell/4mshell!
G , ~A2!
in

m-
e-
ng a
where K and m are the bulk modulus and shear modulu
respectively.

The volume average of the shift of the lattice paramete
the monoparticle from that in bulk stoichiometric CeO2 is
then given by

K Da0

a0
L 5

Rc
3

R3 S Da0

a0
D

core

1
~R32Rc

3!

R3 S Da0

a0
D

shell

. ~A3!

To proceed further requires inserting values of the ela
constants and an explicit relation between the core sizeRc
~or equivalently, the shell thicknessh! as a function of par-
ticle sizeR5Rc1h.

Experimental data for the elastic constants of CeO2,31

yield a value for the ratio 3 K/4m of 1.6, and we assume tha
this ratio remains the same for the CeO1.5 shell. We used an
ionic model of bonding to develop semiempirical scaling
lations based on ionic charge states and interatomic spac
which describes the cohesive properties~lattice energy, elas-
tic moduli, surface energies! of a number of fluorite structure
halides and oxides with a precision of better that 10%.32 This
scaling relation applied to CeO2 and CeO1.5 yields a value of
the ratioKcore/Kshell of 1.68. With these values of the param
eters, Eqs.~A1!–~A3! yield
,

f

ic

-
gs

^Da0~R!&
~Da0!max

5
3.7f

4.420.7f
, ~A4!

wheref is the fraction of Ce ions in the particle which are
the shell (31 state!

FIG. 10. The root-mean-square variations of the lattice para
eters«[Da0 /a0 calculated using the micromechanical model d
scribed in the Appendix. The dashed line was obtained assumi
unit cell monolayer of CeO1.5 on the surface, while the solid line
was obtained with a CeO1.5 layer thickness variation with particle
size as shown in Fig. 8.
5-8
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f 5
R32~R2h!3

R3 . ~A5!

These relations are used to calculate the lattice paramet
a function of radius for two different assumptions regard
the variation of shell thicknessh with R: ~1! the shell thick-
ness is a constant value of one unit cell thickness, indep
dent of R and ~2! h varies with R as determined from the
EELS data, shown in the fitted curve of Fig. 8.

The volume-averaged lattice parameter as a function
particle size computed with Eqs.~A4! and~A5!, based on the
two assumptions abouth(R), is shown in Fig. 3. The data o
Tsunakawaet al.8 and of Zhanget al.12 are clearly seen to
behave more as if there is a shell of constant thickness
as if h varies with size as shown by our data in Fig. 8.

In principle, measurements of x-ray diffraction lin
widths, corrected for particle size broadening, could be u
to measure the inhomogeneity of the strain state produce
the core/shell structure of the nanoparticles. For compl
c

et

g
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ness, we include here an expression for the mean sq
strain predicted by the micromechanical model

^«2&2^«&2

«max
2 [S « rms

«max
D 2

5 f ~12 f !

3H ~3Kshell/4mshell!

11 f @~Kshell/Kcore!21#13Kshell/4mshell
J ,

~A6!

where«[Da0 /a0 and the angular brackets indicate a vo
ume average. With the elastic parameters used above,
becomes

S « rms

«max
D 2

5 f ~12 f !H 1.6

2.620.4f J . ~A7!

This is illustrated in Fig. 10 for the two assumptions abo
regarding the variation of shell thickness with particle s
h(R).
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